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FOREWORD

This report describes work accomplished in the Rocket Engine Combustion
Devices Design and Demonstration (RECDD&D) Program. It was part of the
overall Advanced Launch System (ALS) Program, later redesignated the
National Launch System (NLS). The contract was initially issued by the Air
Force Astronautics Lab (AFAL) to Rocketdyne, a division of Rockwell
International Inc., under the Advanced Development Program (ADP) contract
F04611-89-C-022. Program direction was provided for the AFAL by Mr. Don
Penn who was later followed by Mr. Bruce Farner. In June of 1991, the contract
was transferred to NASA-MSFC control, and was designated contract number
NAS839567. The NASA MSFC Contracting Officer's Technical Representative
was Mr. Alberto Duarte. The Rocketdyne team was headed by Jim Lobitz as
Program Manager. Mr. James McKinnon prepared the final report. The period
of performance was from May, 1989 to
October 1992.
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1.0 INTRODUCTION AND SUMMARY

INTRODUCTION

The objectives of the ALS Combustion Devices ADP were to demonstrate
design and manufacturing technologies which would maximize component
reliability while minimizing the cost of fabricating those components.

In response, the ALS (subsequently identified as the National Launch System,
NLS) program was initiated with the goal of developing a new, low cost 580 klb
thrust class Space Transportation Main Engine (STME), and a 640 klb thrust
class Space Transportation Booster Engine (STBE). The STME would use
liquid hydrogen as the fuel while the STBE would use liquid methane. Both
engines would use liquid oxygen as the oxidizer.

In May of 1989 Rocketdyne started work on the contract to design, fabricate and
test two liquid hydrogen thrust chamber and gas generator assemblies, and
three workhorse gas generator assemblies. The thrust chamber included an
injector, combustion chamber, nozzle and ignition system. These components
were to demonstrate the basic reliability, operability and cost objectives of the

NLS program. This report documents the results achieved on that contract.



SUMMARY

The Phase I portion of the Combustion Devices ADP progressed through
concept selection and preliminary design of a liquid oxygen / liquid hydrogen
thrust chamber, two gas generators, and a common ignition system. Detail
designs were completed for various components. These include the injector
body and combustion chamber castings as well as both the workhorse and
prototype gas generators. Design activity for these components was conducted
using the DoD Total Quality Management Guide. A Concurrent Engineering
Team was utilized for each component. To aid in their design efforts, several
TQM tools were used including Quality Function Deployment (QFD) studies of
interconnect devices and combustion chamber jacket features; Pugh Concept
Selection studies of combustion chamber design features; Taguchi studies of
nozzle flow field interactions and Vacuum Plasma Spray (VPS) parameters;
and a CPI study to improve the design process itself.

Low cost fabrication studies were performed in the areas of vacuum plasma
sprayed (VPS) NARIoy-Z for the combustion chamber and hypervelocity
sprayed (HVS) Inconel 625 for the nozzle. Both fabrication technologies
showed promise but still had technical problems to overcome at the end of their
investigation. The injector low cost investigation was to test four subscale
injectors with different element densities to determine the lowest number of
elements that would produce acceptable performance. The four injectors were
fabricated but not tested due to program restructuring.

To aid in developing the lowest cost yet highly reliable component designs, two
methodologies were developed. The first was a component cost model, which
was cost estimation software created in a spreadsheet program and used
throughout component design. The program is a very versatile, thorough cost
predicting model and features a user friendly interface. A generic "cost model
architecture" user manual was delivered which allowed other companies to
estimate costs of other components. For designing high reliability into the
hardware, a "design for reliability" methodology was also developed, in
conjunction with government experts, and employed during the program.

The program was subsequently replanned with work on this contract focusing
only on the combustion chamber due to a teaming arrangement between
various engine contractors. During this period technology summary briefings
were held for the injector (of which Gencorp Aerojet now had responsibility) and
for the nozzle (for United Technologies Pratt & Whitney), both of which were
held in January, 1991. The combustion chamber development team completed
a new concept review which was held on July 12, 1991 to ensure that the
design was the best that the new contractor team could produce. On the
hardware side, the aft manifold and full combustion chamber jacket mockup
castings were successfully produced out of JBK-75. The combustion chamber
jacket was the largest aerospace quality vacuum investment casting ever
produced at that time. At program end only minor casting development



problems still remained.As for VPS NARIoy-Z,development continued with
some success but significant development issues still remained.

Immediately following are charts that summarizethe design features and results
of each of the componentsworked on this program. Since cost was a major
goal to this program, final cost estimates are also includedfor each of the major
thrust chamber componentsversus their target costs.
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1.1 PROGRAM APPROACH

The program approach to component development utilized simultaneous
engineering. Each component had a "product team", consisting of co-located
specialists including Cost Analysis, Reliability, Manufacturing and Quality
Assurance in addition to the required engineering disciplines. Key suppliers

also participated in the development teams. This helped to ensure their
participation in component development from the beginning of concept
definition.

Each Baseline-1 design concept proposed for the thrust chamber and gas
generator assemblies were traded with other concepts of merit. Trade studies
were based on how well each concept addressed customer requirements, with

emphasis on reliability and cost. Total Quality Management (TQM) techniques
were also applied where appropriate to aid in assessing concept merits.
Additional fabrication studies were performed as well to further distinguish from

the most promising concepts. Hardware was then designed and fabricated to
test certain trades. During this phase of the program, a cost and schedule
performance control system (CSPC) was utilized to monitor program
performance.

Upon program re-direction, the scope was limited to combustion chamber
development with the focus on the Cast Jacket/VPS liner design. Materials and
process development samples and mockups were emphasized to assess the
concepts' ability to meet program goals.

2?



Z
0

nun

I



n-

CO

c_

0

E
03 _-"
N

Q.

(3)
0



E
0 c'-

0
tt)

o
.(





T
w

--)

US
O,,i -_

r'_

w

_ i.T.

0

Z , , , .... ,



1.2 DESIGN REQUIREMENTS

The geometric and operating design requirements were derived from the Space
Transportation Main Engine (STME) definition. The requirements were updated
as more detailed component analysis were completed throughout the program.

Requirements for the design included meeting increased structural margins
over previous engines, as well as the ability to operate at higher thrust for
development margin. Designs were also required to meet fracture mechanics
analysis limits in critical areas to enhance reliability. Specific cost and reliability
goals were established for each major thrust chamber component. Each design
could then be objectively analyzed for its ability to meet design goals.
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2.1.1 RELIABILITY METHODOLOGY

A two-fold analytical approach was used to evaluate component reliability. The
primary approach was theuse of Failure Modes & Effects Analysis (FMEA),
which has been used on previous engine programs. This technique was used
on both concept designs as well as critical processes used in the designs.
Historical data bases from previous engine programs were used to aid in initial
component reliability allocations. Critical design features identified by FMEA
and structural analysis also underwent fracture mechanics and probabilistic
design analysis. The extra analysis was used to quantify and refine the design
to meet its reliability allocation.
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2.1.2 COST MODEL METHODOLOGY

A major objective of this program was the development of a cost model for
accurately projecting the costs of the operational combustion devices hardware.
A Combustion Devices Cost Model (CDCM) was created in a spreadsheet
program (Microsoft Excel) and used throughout component design.

The model consists of two tiers. The first tier is used for concept selections and

trade studies. It is only based on size and complexity relationships and therefor
easy to use. The second tier is much more detailed and requires more inputs. It
is useful for evaluating manufacturing process methods and detail design
trades as well as projecting the final designs' cost.

Each tier is also separated into three modules. The touch labor module takes
standard hours specified at the fabrication process level and applies
appropriate cost factors and labor rates. The second module calculates support
labor hours based on the RS-27 engine program and applies appropriate labor
rates. The last module calculates material costs based on price quotes from

vendors and procurement factors.
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2.2 MAIN INJECTOR

To aid in the design of the main injector, past designs for LOX/hydrogen
injectors were reviewed for cost and reliability drivers. The SSME and J-2
Injector designs utilized multiple forgings welded together for low weight and a
high number of coaxial elements for performance, requiring hundreds of parts.
Both of these features are costly and detract from reliability. Reliability concerns
for these injectors also stemmed from combustion stability and LOX post fatigue
which have caused engine failures in the past.

To address the cost and reliability drivers, a concept was developed which
utilized high strength structural investment castings to reduce the number of
parts and joints at the expense of added weight. The concept also integrated
the face nut and fuel sleeve (similar to the J-2 design) used on the coaxial
element to reduce the number of parts. The design would lend itself to cost
improvement by incorporation of advanced manufacturing techniques to drill the
high number of holes (thousands) in the injector and possibly to fabricate the
LOX posts integral to the body.

Combustion stability would be obtained by varying the LOX post lengths and
using baffles, as determined by detailed stability analysis. Provisions for
acoustic cavities, if needed, are included in the design. Margin for LOX post
fatigue would be obtained by injecting the fuel into the post array near the top of
the posts. This minimizes post whirling so that flutes would not be needed on
the outside of the posts as used in the SSME injector.

To address costs associated with the high number of elements used in past
injectors, four subscale injectors were designed and fabricated with varying
numbers of elements. Testing these injectors would give a performance versus
element density curve that could be used to determine the fewest number of
elements in the full scale injector that still obtains high performance while
maintaining good combustion stability.

The charts that follow describe in detail the work associated with the main

injector design effort as listed below:
2.2.1 Concept Selection
2.2.2 Design and Analysis

• Design Configuration
• Structural Casting Material Selection
'.Casting Design Details
, Casting Structural Analysis Summary
• Hydrogen Mixer Design and Analysis
'Combustion Stability Analysis
, Inspection Technologies Assessed
• Manufacturing/Cost Analysis

2.2.3 Subscale Injectors
2.2.4 Main Injector Results

65



0
Im

_..
(I)
C)

0
0

E
C

t'_

u3
cr_

¢3

fg

E,



I

,-J

0

E

°I



nnn

0

I"
o__
I,J.!I:X:l

_,,:c
m ,,.,I
zu.i

k-

0

0

c- 0
o_

m _

_ E
c- C

C _

r- E _

r_ ..__

c_X "__8 _

_o_ _ _gP, g _-

on
n

0 • • (:1,) • •
Ix::

• •

}



0 o.

0

0

0
O.

m
m

L_

C
m

1



o

C_
iii
rr

LLI
Z
/

,,.I
ILl

rn

l

E,



llZ

Q,.
a)
"0



N_

F--
XO.
OW

I

n
flip.
CO_

Ow

_8
O.

I

o

c

I

iJ



rr'

°

0 • • • •
nnl _ 0

J



J_



E

q_

L_

m

"0

C_

aim

m

C_
C_

am

a



0

x

o

6

_J



>-
_I
O0

uJ

_S

m

Oc
w_

O0
._I



o
o_

c_



m

F-

0

m

ree-
0

COo
c-

O

0
LU

Z

::30





LI_

g

--_ e._

__, • __ ___o

_ _ _._

I.I.

!°



/
/

./



c_
r_

X
0
==1

n-
O
I--

ILl
=,_

I

I

i
Iq



W 0
..I • • • •

•.,,,,- •

J_



iii

iii

0
IZl
X
0
.=I



0
m

<
1"I-

0
m

I,
Z
0

r_
-J
UJ

W

0
r_
X
0
J

UJ

<
Z
n-
UJ
F-

<

c-
o

im

0

Q.

mm

im

r-o
mm

m

_0
L_

m

s._

0

OD

mm im

0 o
L-

00.

O0
_C

c_,
m

_0
u- o

/

3

I,I

_ r_

_J



Z
1.1.1

Z

0

0

IJ,i

i

/
f I

+

l
/

0_

0 i
i
i

I



c- >., a)
!- C9 rr

I
._i

i



..J
LLJ
C3
0

LLJ

LLJ
..J
uJ
W

R

LL

n-
O

LLJ
"3

"O--
Or"m

C3_
03LL

:Ec

m

"O--
O-Q
:EE

E,-
E o

•_ "E"

o_





0

(/)
i

_J

i

i

<(

.... I .... I .... I .... I .... I ....
i

I,-,-

. _-,_.

c_

' I I I

._ : : ::: I,

A _

_ _ _,o o o -

. , i • 1 .... I .... I .... I .... I ....

_ C_ C_ I_ _

_115N30 AllllBVBO_d



U
i

i

,,,,J
i

,:1: ._

ILl u,.
U.

m

i

Q..

<l:

.... I .... I .... I .... I .... I .... I ....

2

>..

....... _[ _I I I I t,_

_.........

m

.... I .... I .... I .... I .... I .... I ....

ALISH3G A/lllflYflO_d

oo
,,M*

0

N

r-,

0

0

¢_



• oJ

A II II II I

I



..J

f
X

0
.j ,

• o

II II

>',i



0%

IJJ
X

IJJ

0
0:
a

0
oi

C,.)
C

I,.I.

"0
c-

IJ,,,

c-
O
c/)

om

no

o
o
o

,.Q
E_
_2
t-_--

C _
0(_

o--

0 _
o.o
X'O

0
m

¢0

0..

E

oO _,,
_,_-

e- 0

0 _-
0

0 ¢'_

._._.

l



o_
t"r" o

t.u,,u _

° o

x ._ _

_-_ o ,, _.o o _ _

• • ,_ •



• • •

-.j

W. 8
"T



IIIN _
• • _ • •

r'v-' ,,:x:

• •



=o
O

(D

r-

0_

"0

r-

0

(3.)
O3
O

(D
O,_
(!)
C)
c-
O
C)

(1)
(D

,k

O

I,,,..

O
,.O

_,J



O

im

L_

m

0



LLI
U)
Z
0
0..
U)
ILl
rT' n.
I-. o
(/) I.-
O_
n__
XO2
O_
-IO
fro
On.

W
111

0

i ! ! i

_uodsoH POZllem_oN

!

0

0



.C

"E

Ii



im ilu

0 0 !/°





0 _>• •
i,-_" f:X:_



o c_.

O

LU

mmmm

O

=ml

Lu

!

\



<

W

W

U

J
W

I
E









W
0
Z
I,Ll

0
ILl

IJ=

>-
==I
rn

LI.I

n-
O
I--
0
LLI
,=_

Z

I,_U_

_d

t
0

I

t

t

_ x e=

_g._-

.__
e-

t-

0



O--7



rr_
0 _

n-o,.

a)--
I--1:1.



=_



a

,¢
LI,I
n-
II1

o

n-
O
i--
0
LLI

C

0
o
m

o
o
o

0
o

u_

il
IlI



iii
P
m

m

gO

_- 0 0 0 0 0 0 0
I'_ _ 0 '_-- I._ _ 0

• m - - 0 UO"=,"n ._ _ o" _ o" co" °

W

0

U
Ill

Z
-- 1::

n

0 0 0 0 0
0 0 0 0 0
0 0 "- UO _ 0 0

_ _ o
LO 0,I I'_ O0

o_ _ _,

0
0
0

0
0
0

0
0
0

m

0



O-

Lt_

_n

0

Imm_L

C:
mmmm

mmmm

C_

..Q

C_

c_
c_

f c_



a=,_

i'



i.s.,





.=_o
c,o

Ol

>
¢_ o

o ° i
•_ _ =

m _ "t-

_e E

0 6 E .-o __

_ N'-- _

_, -_"._°_ o o.
_" • • • • • •

• •

u_



C_I £CJ

,,m _



(._

Ill .m14m

m

m .c_
D.

i



0

_E
E

0



J

8



tar)

n-
O

Li.I

Z
n

LLI
..I
<
t_

"o

E

&,,,

CD

om

CD
m

0 "o
c-

e- c_
o ,__

imm

o
r_ 13.im

L_

.Q
•

I..I,.

0
m
G)
L-

im

0"
G)
s_

m
m
lum

m

O_
om

om

mcz

n

t_

CO
_,_.

Ec
im

Oe"
im

"OC
Xca

E,



0

i

n • • • •

!1o



>.

LU
¢3

=,
=.

==
,9
n-
LU
a.
¢3
LU

U
m

a
LU
n-
a.

_q

-_ = ®o

_ ._

,\, !
' ......."" .._,_

o

I I i I I I I I

0 0 0 0 0 0 0 0 0
e • • • • • • • •

(%) _OUelOlJ_3 _]lOOleA OllSlJe_omeqo

C
o
E
_e
W

0
L_
0

.Q
E

Z



O9
Z
0

..J

0

0
0
(/)

>.
_J

Z
<
>.

m

m

rn
<
h-

Q



o

@



2.3 COMBUSTION CHAMBER

The SSME main combustion chamber (MCC) was used to determine cost and
reliability drivers since the operating requirements are similar and data was
readily available. As with the injector, the majority of the costs were due to a
high number of machined forgings welded together. The reliability drivers were
compiled from SSME MCC Unacceptable Condition Reports (UCR's). The
single largest problem was due to injector/chamber compatibility (hot gas wall
roughening and cracking). Other significant areas include welding and
electroplated bond line defects.

To improve the cost and reliability, 51 combustion chamber concepts were
brainstormed and reviewed. The most promising concept to meet the program
goals was a chamber that used a single investment casting for the structure and
a vacuum plasma sprayed (VPS) liner. This concept required significant
material and process development as well as scaling the processes to make a
full size combustion chamber. Since the required development would entail
significant risk, the second most promising concept was carried in parallel. This
concept utilized a wrought material liner diffusion bonded (LIDB) to a forward
flange and aft fuel manifold with a high strength electrodeposited nickel-cobolt
primary structure. This concept required less development and therefor could
be utilized if development problems ocurred with the VPS liner concept.

Both concepts had far fewer parts than on the SSME MCC and would inherently
be more reliable and less costly. The charts that follow detail the work
associated with the combustion chamber design effort as listed below:

2.3.1 Concept Selection
2.3.2 Design and Analysis

LIDB and VPS Design Configurations
Structural and Reliabiltiy Analysis Summary
Aerothermal Analysis
Cost Summaries

2.3.3 JBK-75 Structural Castings
2.3,4 VPS Chamber Material/Process Development
2.3.5 Combustion Chamber Results
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FABRICATION SEQUENCE
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Cooian! Chmn_Is

• Cast Jacket Manitold
• Mill Coolant Channels

(JBK-75)

/

• Beam WetdlD Closeout

• MachnnelD Contour

VP$ HGW

_'lmf

am" ¥p=

• Vacuum Plasma Spray (VPS)

NARIoy-Z Channel Closeout,

Hot Gas Wall (HGW)

InlecIor Inierl_lce

O O

• Hip NARIoF-Z Powder to

Jacket I.D. (Cold Wall)

• Machine I.D Contour

• Drill Feed Holes D

Nozz _, lnterllce

• Beam Weld Nozzle Flange

• Final Machine AftYFwd Interlaces
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2.4 NOZZLE

The SSME nozzle was analyzed in detail to determine cost and reliability
drivers. The SSME nozzle is fully regenerative cooled with high pressure liquid

hydrogen. The hydrogen feedline enters a manifold at the base of the nozzle
which distributes the coolant to the liner tubes which in turn feed a forward
manifold and outlet line. This type of nozzle was required for the SSME staged
combustion cycle which gives high performance. To fabricate the nozzle, tubes
which vary in diameter and wall thickness are specially shaped to make the bell
curve of the nozzle. The tubes are then brazed together by laying braze alloy
and stacking each tube one at a time before furnace brazing. The rest of the
nozzle fabrication utilizes machined forgings with a high number of welds.

The largest experienced problem with the SSME nozzle is coolant tube
leakage. After repeated hot-fires, small leakes develop in the tubes and have to
be repaired if the leakage is too severe. Another concern includes the high
pressure circuitry required in the hydrogen coolant system. The nozzle flexes
considerably during startup and shutdown which flexes the high pressure feed
lines (which have failed in the past). The need for hydrogen embrittlement
protection for the Inconel 718 used in the coolant circuit is also of concern.

As in other components, the SSME nozzle contained a high number of parts
that are joined together. The nozzle requires a high amount of manual labor for
brazing the tubes and welding the post-braze assembly. The complexity of the
manifolding also required significant amounts of machining.

To lower the cost of the nozzle the welding and braze operations would have to

be drastically reduced and the feed circuitry would have to be simplified.
Reducing the part count and joining operations through the use of investment
castings would help, but the nozzle liner is a special problem. What helps the
situation is the gas generator (GG) type engine cycle used by the STME. The
relatively cool, low pressure GG exhaust gas could be used to cool the nozzle
wall. This allows use of cheaper tubing or sheet metal liner materials. Process
automation would also help reduce costs. For example, hypervelocity sprayed
(HVS) material could be used as the supporting structure to the liner - where
much of the machining and manual welding is required on the SSME nozzle.

Reliability of the nozzle would be enhanced by significantly lowering the
coolant circuit pressure by using the GG exhaust gas. This coolant method
would also simplify the coolant circuit and allow for lower strength, hydrogen
embrittlement resistant materials such as Inconel 625.

217



The charts that follow describe in detail the work associated with the nozzle

design effort. The agenda is listed below:
2.4.1 Concept Selection
2.4.2 Design and Analysis

Design Configuration
Structural Analysis Results
Film Cooling Analysis
Aerothermal Analysis
Cost Summary

2.4.3 Hypervelocity Sprayed (HVS) Nickel Alloy 625
2.4.4 Nozzle Results

218



c_

(f)
.J
Lt_
4_

0

0
LIJ

LI.i
(/'J
I'-
0.
ILl
0

T=..







.Q



S

CO

_ --_

N w_= _ z _ b5 _
N _ "--
0 (A,) o • • _o • •

Z
• •

@





co



I'-

LL!
0

0
0
UJ
-.I
N
N
0

UJ
I:l:l

a
ILl
..I
0
0
0

\

\

\

I

\

}



¢,_

I--

LI.I
0

0

I.Ll
_,I
N
N
0

ILl

121
I.Ll
,_I
0
0
0
O0

0
I,Ll
N

rr

• \

÷

O
el



o'J _-

I.-

u.i

0
t_
LLI
_J
N
N
0__,

F-

I1:

I--

l



_Z

6 _,
.

iii

iii
NI,_
OZ

c_.__ ..-.J

\
\



f_
CT_ _

0.
ILl
0

LI.I C
...I ._0

0
m
n-.
.:[
(_

._j

v

}



l-
B.
ILl
C)
Z
O
O

LU
_J
N
N
C)

r_
LU
_J
LU

Z

L_

E3
LU
.J
O
O
L_

03

03

oy

tJ

==

O3

_L



N

13.
ILl
0

0
0
LLI
_1
1',4
!',,i
0

a
1.1.1
--I
0
0
0

C5
LL!
(5

O_

a.

LLI
!--

--!
0
>

° i

F.



X
ILl

LLI

I--

LLI
0

0
0
ILlm

r_
N
N
0

z_

0 o
n-'O

O_

0

N
C_

rr_

,J ,J

U_

CO

N r,_

z ._ o

I

_.zo

-1 _ --_ oo
I::: o N
..= 0 0
i.z. 0 z

£.,,_

N

Q
OO



o
a
1.1,,i

8_0-,

LI.i
z_

8

8

8

0

,_ ._o'-8

o _.- -=_>_ '-8_° s :_._
,_ =ogg,_ ,g ,,.,,.,,

_'_ a.. u_"o

_ .-
o _ __

.__ o

_ _ _ x.e
,.- 0

× ,_o_ ....,N¢._o
W

,e,-,g -,.. o&

N



I

C

>_r,.

m_D

N

0
(/)

<(

0
¢,,)

U

"1-

_\\\\-,_\\\\\_,!>_-"_.

i_iiiiiiili iii_ilii!iiii!i_i!ii_ _ ,,.,

' I I I " " !

o

"- (>IS) oo _lun q_oos

i



N



I

£:::)
Z

I

I,,I,,I
£::)





W

O
Z

X
W

,- .Q.,

_o

l- X
X Iilil

UII_

r'N

_0

C_C

Or"
>0
,I- U

8_

0_E
t_ m

Cn

U

_c

L_

U

_m

E ou

m

0

m

,.J



m

W

111
--I
N
N
0



im

m_ IR

c_



cO
<D
0

Q • • Q



cO

©

z



C/)
I.LJ
r'i

immm

(/)

0
LLJ

_.I
LL

n-
O
LI..

C_
O
C)

_L

C_
C_
0

_ P

C_
Lt)

_dt

cJ_

c_

C_
O
I'-.

_r



O

n-

m

u.
Z
O
O
rr
ILl

2
_7 _ _=

3 °

X

N
N
O

Z

o_U__

I

O

O
O

f-

"O
tm

0

CO

(5

d

CO
(D

0

r-

um

-I- i



LU
,_1
N
N
0

U.I

Q..

• • Q • Q D • •



Ln
N

_q

¢,.oo • _,_o

III



f_

f_
rv-

-......._j

12.

.c_

..I

8

o

-....J

E>,,o

c::::3

8

.---'1

NI •

14m
0

,nO

8



O
uJ
n-
ILl
r_
m

Co')

O
O

CO
Z

<
O

uJ
.J
N
N
O

O_
C

im

"O
c0
O

m

"O
in

0_

c

E
0

• • •

0
n

n

0

.-t,-

0
mm

>

E
0
7O
C
C0
n-

"O
c0
O

(D

:3
_0

(D

(D
m

N
N
0
Z

0
m

m

E
s._

e-
l-"



o
O0

4" ,

LU

m

U..

0

Z
LU

LU
0

.J
O.
O_



..J

W

nut

,,,_1
L,I.!



o

+

nnu
_,J
i

I,,I.
O
IX:

C/)
UJ
I:X:

Z
in

O



I



O0
ri-
LL!

LLi
:E
,:(
nr
,:(

0

n-"

0
I

,:(

00000

I._ U') 1.0 U') LC)
A A A A A

OOOOOA A A A A

I_ _" CO O'J 00

_,_ r-..
o,I co co u') o
,_'- c'_l ,- o o

.c_1 i-,. LC) 0 CX,I 0,1
0 LO 0") Od "_"
,,-- .,-- .,-- (X,I OJ

_ CO 0 T""_I" _"
oooi_
CXl '_" bDCO 0

O0

Q

Q

I
J
i
r
J

f_

J
I
i
r
J

I



0
m

a

0
0
C9

B

,,=,
0

ill

W

ill
C"3

u5

®

O

1.1_ @4

..A





13.
U.I I.U
zO

0
I--0
_Z

(DO
u.O
O0
o:E
i_--i
,<u.
:El-
U.l_
"t" :D

r_-t"
X
ILl

L._"J c,,d



c.O

U.!
_.1
m_"



rr
<



e_
_l
Iii
m

LL

I.--=_
oo_
uJ

Zz0.
._0:_
0_0
zOO
oe_
VJuJ

0
0

c-
O

E
mm

c-
o
im
,¢,,,#

L_

m

m



N_

g





,,..,I
..i

R

o
I.LI
,,_,1
N
N
0
Z

[
o

_,_ 0

CO
r...: ,5

CO

_ __ o
lh,..

,'," E=
E __

_'_ ._

= ,_ .-=_.-=_X X
-- _ w w



t"_l cr j

_D
m

|m

0
L_L..
_in

N_
O=

Q.

0

J
• i

_ _ _ o
Isd '[cl

O

0
0

0

¢0

¢>

,q¢

0
04

0



¢.D

G)
m
mm

N_
O
L_

Q.

O3
C

"6
LU o
._ 0

0

X
_3

m

U.

CO

\
r

0es-_;uln]8 "Y/E)

O

v-

O

O
v-

O

aD

o

O

O

O



Z

0
a

.:[
l.IJ
n"
rn

C_
l--a_

l.iJ ._
E

l',J _
I'_I""
O_
Z_
ILl

0

0

O0

wm

C= T--

C_

I._ L_

GO

C_

o_
I.I.I.I..

l'--

c_
L_

0

C_
L_

II
ira,

0
F-

c_

,IB

¢.D

N_
p_

o
..J
L_

I-

C_



OO

V

ILl

O_
.-I LL!
W_

WZ

C_





N.

o')

0

"0

2
0 t- r- r'-

@



r_ _o
C,D _f

_j

a

®



W

UJ_

>C9
CCuJ
LUn"
a-O

®

.!

i

0



i
i



0
n-
n

iii
n-
0
0
TT"
n

X
o
o
o4

CD

0
o
Z
m

n

N

"0

LD
t-O
00_

_-

e_m

0

c _

_E

o _



0
0

r-_._





N

o)
-..=,_ j

0")
(D r =

o ._.

f_





ILl
_.1
N
N
0

• • •

1
II ....



0



r.. ?_

"0

>.,

oz _ _ _ _ _

C_ o co o :3i m

0 0 0 _. -- m
0 0 "-- 0

N E = =N E • m o
Z _. iT. n. -r Z

• • • • Q •



2.5 IGNITION SYSTEM

The SSME and J-2 engines utilized a spark-torch ignition system (ASI). Review
of the operational history revealed these systems to be highly reliable over a
wide range of operating conditions. Although these systems worked well, costs
for them were relatively high. To reduce the ignition system costs, new ignition
technologies were reviewed as well as ways to make an ASI system less
expensive.

Nine concepts were reviewed including a promising laser ignition system. The
laser system had the potential to reduce costs but the technology was relatively
new and unproven. In the end an ASI system was selected based on its proven
track record and minimal development required. Development time was an
important factor due to the short program schedule. However, the costs could
be reduced in the system by separating the exciter electronics form the spark
plugs which would reduce part complexity and simplify manufacturing flow. The
internal geometry of the torch system duplicated the geometry used on the
SSME engine to ensure the same ignition characteristics. The system was also
designed to be common between the main injector and the gas generator,
which would further reduce costs.

The charts that follow describe in detail the work associated with the ignition

system design effort.
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2.6 GAS GENERATORS

The gas generator effort was split into two areas: 1) a prototype gas generator
for use on the engine, and 2) a workhorse gas generator for use in testing the
engine turbopumps.

The prototype gas generator was designed accommodate three different
injector assemblies. The inclined fan injector was most adaptable to low cost
manufacturing methods. The coaxial injector had a proven record of
performance and reliability on the SSME and J-2 engines. The "box pattern"
injector had the greatest performance potential. The different designs were to
be evaluated for performance and wall compatibility through hot-fire testing.
The fabrication costs would then be factored in to select the appropriate injector.

The workhorse gas generator was designed to test turbopumps from Aerojet,
Pratt & Whitney, and Rocketdyne. The differing requirements from the three
companies were best attained by utilizing a coaxial injector design. A turbulator
was added to ensure good mixing of the combustion gas before entrance into
the turbopump.

The gas generator effort is summarized in the charts that follow.
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3.0 COMPLIMENTARY STEP ACTIVITIES

After cancellation of work on the Advanced Development Program, some work
was continued at Rocketdyne on the combustion chamber under the Space
Transportation Engine Program (STEP). Since there was not enough funds
available to build and test different combustion chamber designs, the concepts
were thoroughly analyzed to select the concept to be tested when funds were
made available (none ever were).

Besides the VPS and LIDB designs developed at Rocketdyne, the platelet liner
design proposed by Aerojet were reviewed. This was a unique but difficult
experience due to the proprietary nature of the processes used in the designs,
but the resulting analysis was thorough and as unbiased as possible. Actual
fabrication and test data would be very desirable in the future since all the
concepts had high potential. Later in the program an ablative type combustion
chamber design was developed for a low cost expendable version of the STEP
engine. The charts that follow describe this effort in detail.
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